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INTRODUCTION
The Hercules X-1 system is an accreting X-ray binary consisting of a neutron star (Her X-1) that rotates every 1.24 s while orbiting a "" normal ÏÏ stellar companion (HZ Her) every 1.7 days. The magnetic axis is misaligned with the rotation axis, resulting in a distinctive pulse proÐle. Variation in optical luminosity by 1.8 mag over the 1.7 day orbital period of the companion is attributed to X-ray heating on the side facing the active neutron star. The X-ray heating is so intense that the companion changes spectral type from A to B. The Her X-1 system is unusual in that, with an approximately 2 companion, it is the only M _ known "" intermediate-mass ÏÏ system. It resembles X-ray binaries with high-mass companions (HMXBs) in that it exhibits pulses and its optical luminosity is dominated by emission from the companion, but it accretes matter via Roche lobe overÑow through an accretion disk, as do systems with low-mass companions (LMXBs). The location of Her X-1, more than 3 kpc above the Galactic plane, suggests that it is a rather old system like the LMXBs, or that, if it originated in the Galactic plane, the neutron star must have obtained a signiÐcant kick from the supernova that formed it. Features in the X-ray spectrum near 40È45 keV have been interpreted as the result of cyclotron absorption, implying a magnetic Ðeld strength B \ (2.9^0.3) ] 1012 G (dal Fiume et al. 1998 ; Mihara et al. 1990 ; et al. 1978) . The pulses and the cyclotron line Tru mper feature, which attest to the high magnetic Ðeld of Her X-1, are difficult to reconcile with theories of stellar evolution which require that the magnetic Ðelds of neutron stars decay over time. The large orbital decay rate is also difficult to reconcile with the relatively low mass accretion rate and lack of evidence for mass loss through a wind (Deeter et al. 1991) .
In addition to the 1.24 s rotation period and the 1.7 day orbital period, the system has an approximately 35 day "" superorbital ÏÏ period in which the X-ray emission displays so-called main and short high states separated by relative X-ray quiescence (Giacconi et al. 1973 ; Gorecki et al. 1982) . During the main high states (MHSs), the 2È10 keV Ñuxes are of order D100 mcrab ; the short high state (SHS) is roughly 30 mcrab ; the low or quiescent state (LS) is about 5 mcrab (Parmar et al. 1985) . The preferential turn-ons of the 35 day cycle at orbital phases 0.2 and 0.7 have been attributed to the interaction of an accretion disk tilted with respect to the orbital plane with a time-varying torque induced by the companion star, which leads to a wobble or "" nodding ÏÏ motion in the disk (Levine & Jernigan 1982 ; Katz et al. 1982) . The physics that causes the disk to tilt in the Ðrst place is not known. The interpretation of superorbital periods in terms of disk precession (Katz 1973 ; Petterson 1977) has been questioned because, if the disk precession is controlled by the gravitational Ðelds of the neutron and companion stars, any induced precession would be damped rapidly owing to di †erential precession within the disk (Kondo, van Flandern, & Wol † 1983) .
Several models have been put forward that attempt to tilt and precess the disk without invoking precession of the neutron star and/or its companion. One viable suggestion is that the behavior attributed to precession is maintained by the inÑuence of the X-ray emission on the structure of the disk (Petterson 1977 ; Iping & Petterson 1990) ; that strong central illumination can maintain disk warping has been shown analytically (Pringle 1996 ; Maloney, Begelman, & Pringle 1996) . Schandl & Meyer (1994) suggest that warping is caused by repulsive torques exerted on the disk by a disk corona/wind. Wijers & Pringle (1999) suggest that the disk can precess without any tidal torquesÈthe radiation instability naturally drives the warp structure around the disk on the 35 day cycle. Another possibility is that shadowing of the companion star by a warped disk may interrupt the accretion stream causing transfer of matter with misaligned angular momentum and further enhancing the warp (Shakura et al. 1999) .
In recent years, progress has been made on the dynamics of accretion disks, such as in the radiation-driven warping models of Pringle (1996) and Maloney, Begelman, & Pringle (1996) . Much work has been done toward the understanding of momentum transfer in accretion disks by Balbus & Papaloizou (1999) ; Hawley, Balbus, & Winters (1999) ; Stone & Balbus (1996) ; and others. In this paper we will address the mass transfer process and disk structure as deduced from multiwavelength observations to obtain empirical measurements of disk and mass transfer properties that can be used to test model predictions. The Her X-1/HZ Her system is an ideal target because of the low interstellar absorption toward the system, its relatively short orbital period, and high inclination (nearly 90¡), which makes the Doppler velocities of the various components well separated. In 1998 July and 1999 July, we conducted multiwavelength campaigns of Her X-1 using instruments on several satellite missions and ground-based observatories. Our primary goals were to construct a physical image of the system using Doppler tomography, to resolve spectrally the emission components throughout the binary and superorbital periods, and to search for rapid variability and pulsations within the UV continuum and lines. The Hubble Space T elescope (HST ) and Space Telescope Imaging Spectrograph (STIS)1 observations described here represent the Ðrst UV data that are of sufficient spectral and temporal resolution to generate Doppler tomograms and search for UV quasi-periodic oscillations (QPOs). In this paper we present the Ðrst UV tomograms of the Her X-1 system and Ðnd that they are consistent with our model of the Her X-1 system as presented in Vrtilek & Cheng (1996) and Boroson et al. (1996) . Quaintrell et al. (2001b Quaintrell et al. ( , 1999 show that these tomograms exclude the Schandl (1996) ; Wijers & Pringle (1999) ; and Larwood (1998) models if it is assumed that the accretion disk is solely responsible for X-ray shadowing over the companion star. Still et al. (2001b Still et al. ( , 2001a ) make detailed presentations of the X-ray data using the SHS to update orbital and pulsar spin periods and providing an interpretation of the X-ray light curve during the ALS in terms of nearly pure atmospheric reÑection from HZ Her. Boroson et al. (2000b), and H. Fiedler et al. (2001, in preparation) present results from searches for optical and UV QPOs during our campaign. OÏBrien et al. (2001) present a search for optical QPOs using data from the Keck II telescope taken within a week of our 1998 campaign, and Boroson et al. (2000a) and B. Boroson, S. D. Vrtilek, & T. Kallman (2001, in preparation) model the UV emission lines in terms of hot outÑowing gas. In°°2 and 3 we present the light curves and spectra ; in°4, results from pulse timing and searches for aperiodic variability ; in°5, speciÐc results from Doppler tomography of N V ; and in°6 we present a discussion and summary.
OBSERVATIONS
The observations were conducted using instruments on several satellite missions (the Rossi X-Ray T iming Explorer [RXT E], the Satellite per Astronomia X [BeppoSAX], the Extreme Ultraviolet Explorer [EUV E], and HST ) as well as ground-based observatories at La Palma and Calar Alto. The proportional counter array (PCA) on RXT E, described in detail by Jahoda et al.,2 consists of Ðve identical Xe proportional counting units (PCUs) for a combined e †ec-tive area of 6500 cm2. The all-sky monitor (ASM) on RXT E has been described in detail by Levine et al. (1996) . BeppoSAX has been described in detail by Boella et al. (1997a) ; it includes the low-energy concentrator spectrometer (LECS ; 0.1È10 keV ; Parmar et al. 1997 ) and the imaging medium-energy concentrator spectrometer (MECS ; 1.5È10 keV ; Boella et al. 1997b) . EUV E supports four telescopes ; three are scanning telescopes that feed one detector each, and these constitute the scanning instruments that performed the all-sky survey. A fourth telescope feeds three EUV spectrometers and a deep survey (DS) detector (Bowyer & Malina 1993 , and references therein). The STIS instrument design and in-orbit performance have been described by Woodgate et al. (1998) and Kimble et al. (1998) . Optical observations were obtained with the 4.2 m William Herschel Telescope at La Palma and the 3.5 m telescope at Calar Alto.
The locations of our observations relative to the 1 day averaged light curves from the ASM on the RXT E (provided courtesy of the RXT E ASM team) are depicted in Figure 1 with arrows. These indicate that the 1998 observations took place during an SHS of the 35 day cycle, and the 1999 observations took place during an anomalous low state (ALS ; Parmar et al. 1985 Parmar et al. , 1999 Vrtilek et al. 1994 (Oosterbroek et al. 2000) . The light curves from our observations and a reextraction of the BeppoSAX MECS data are depicted in Figure 2 .
The PCA on RXT E observed intermittently for 70,000 s spanning 2.5 binary orbits. The 1998 RXT E observations took place from corresponding to the latter / 35 \ 0.6È0.7 half of the SHS. The BeppoSAX MECS and LECS had nearly continuous coverage for 3.5 binary orbits encompassing the RXT E observations. The observations were taken during the latter half of the SHS and extended into the LS of the 35 day cycle. The X-ray Ñux is observed to decrease as expected for the observed orbital and 35 day phases. Scott & Leahy (1999) noted that the preeclipse dips during the short high state are of longer duration (by almost a factor of 2) than during the MHSs. Our 1998 observations of the SHS conÐrm this result. The X-ray light curve of the FIG. 2 .ÈLight curves of the 1998 July observations. The vertical lines delimit the expected times of X-ray eclipses for the 2È6 keV energy band center \ JD 2,442,859.726688 and days [Deeter et al. 1991] ). The smooth curves designate the expected value as (/ orb o \ eclipse P orb \ 1.700167788 determined from behavior in earlier observations. The Ðlled squares represent the GHRS data taken during a main high state in 1994 (Boroson et al. 1996) .
[See the electronic edition of the Journal for a color version of this Ðgure.] 1998 observations (most clearly seen in the BeppoSAX data) indicates that the MHS immediately preceding this SHS had an onset at binary phase 0.2 (Scott & Leahy 1999) . Still et al. (2001b) give a detailed presentation of the RXT E data during the SHS, including a determination of the orbital and pulsar spin periods to facilitate future measurements of and P0 spin P0 orb . The DS on EUV E observed for 2.5 binary orbits. The EUV E Ñuxes decrease much faster than the hard X-rays (1È10 keV), attesting to the presence of excess absorbing material in the line of sight. They follow very closely the soft X-ray (0.1È1 keV) light curves from the BeppoSAX LECS presented by Oosterbroek et al. (2000 ; their Fig. 2 ), suggesting that the soft X-rays and EUV emission originate in a similar region.
The STIS observed for 19 HST orbits (four with the G160M and 15 [of which Ðve orbits were not usable due to a technical error] with the E140M echelle spectrometer) spanning three binary orbits. The four HST orbits with the G160M resulted in 29 spectra with resolution of 200È300 km s~1 in the wavelength range 1150È1720 10 HST A .The orbits with the E140M grating provided a resolving power of 6 km s~1 in the wavelength range 1150È1720 The A . E140M exposures were taken in the TIMETAG mode, which stamps each photon detected with a time accurate to 125 ks. Figure 2 plots the UV continuum Ñux averaged over each of the 14 HST orbits that provided useful data. The UV Ñux is somewhat lower than the average of all IUE observations preceding the 1993 ALS (shown as a solid line in Fig. 2 ). For comparison, the 1994 Goddard High Resolution Spectrometer (GHRS) observations which occurred during a normal MHS are shown as Ðlled squares (Boroson et al. 1996) . Not surprisingly, the MHS Ñuxes are somewhat above the average.
The La Palma observations were carried out with a double-armed, medium-resolution spectrograph (ISIS) on the 4.2 m William Herschel Telescope. High-speed UBV RI photometry with the Multichannel Multicolor Photometer (MCCP ; Barwig, Schoembs, & Buckenmayer 1987) on the 3.5 m telescope was conducted at Calar Alto (H. Fiedler et al. 2001, in preparation) . There was little change in the optical emission from that during the regular MHS (shown as solid curves which are the average of several previous observations taken from the literature ; Petro & Hiltner 1973 ; Boynton et al. 1973 ).
T he 1999 July Campaign L ight Curves :
An Anomalous L ow State The 1999 July observations (JD 2,451,371.3ÈJD 2,451, 375.9) were taken with RXT E, EUV E, HST /STIS, and Calar Alto. The light curves from the 1999 observations are depicted in Figure 3 .
The PCA on RXT E observed intermittently from 1999 July 11 to 16 for a total integration of 100 ks. Three of the 5 PCUs were utilized, for a total of 3500 cm2 e †ective area. The 1999 RXT E observations took place during / 35 \ 0.16È0.29, which is centered on an MHS. However, the X-ray Ñuxes are lower than expected by a factor of 50 (see top panel in Fig. 3 ). This count rate is similar to that observed during the previous ALS states ; at minimum, the count rate was down by a factor of 50 in 1993 (Vrtilek et al. 1994 ) and a factor of 20 in 1983 (Parmar et al. 1985) . In addition, the X-ray light curve during the ALS appears similar to the optical light curve which peaks at orbital phase 0.5. This light curve has been interpreted as due to X-rays reÑected from the surface of HZ Her. A detailed discussion of the X-ray reÑection model is presented in Still et al. (2001a) .
The DS on EUV E observed for somewhat over two binary orbits. The EUV E Ñuxes are reduced by a factor of D100 relative to those observed in the short high state in 1998 July and give a hint of showing the same light-curve behavior as the X-rays. However, the counting statistics are too poor to determine this positively.
The STIS observed for 19 HST orbits with the E140M spanning three binary periods. The E140M data, providing a spectral resolution of 6 km s~1 over the wavelength range 1150È1720
were taken in the TIMETAG mode, which Ó, stamps each photon detected with a time accurate to 125 ks. Figure 3 plots the UV continuum Ñux averaged over each of the 19 HST orbits. The 1994 GHRS observations are shown again for comparison in Figure 3 . The UV Ñuxes are reduced from the average with the greatest reduction near eclipse egress and ingress. During the 1999 July campaign, we had optical photometric observations (high-speed UBV RI with the MCCP on the 3.2 m telescope) from Calar Alto, and the optical Ñuxes again show little change from the regular behavior (H. Fiedler et al. 2001, in preparation) .
3. SPECTRA
X-Ray
The pulse-averaged X-ray (0.1È200 keV) spectrum of Her X-1 during the MHS is a Ñat power law with a high-energy cuto † and an excess strong thermal blackbody component at low energies (a characteristic of many binary X-ray pulsars). Spectral features around 1.0 and 6.4 keV are attributed to Fe L-and K-shell emission (Choi et al. 1994 ; McCray et al. 1982 ; Pravdo et al. 1977 ) ; a feature between 40È50 keV is attributed to electron-cyclotron resonance, which implies a surface magnetic Ðeld of a few ] 1012 G (dal Fiume et al. 1998 ). The spectrum changes as a function of pulse phase : the Fe line and thermal emission are strongest during the o †-peak of the pulse. The pulse proÐle changes as a function of energy : the pulse peak shifts and shows less structure in the low-energy band. The pulsephase shift suggests that the soft X-rays are likely reprocessed hard X-rays and that the Fe line emission originates at the reprocessing site (Vrtilek et al. 1994 ; Oosterbroeck et al. 2000) .
In Table 1 we present results of our spectral Ðts to the RXT E PCA data at several epochs. The Ðtted model is a partial covering fraction absorber (PCFABS in XSPEC) times a power law plus a Gaussian representing the Fe K emission. We do not model either the soft (0.13 keV) blackbody component or Fe L emission, as they are below the energy threshold of the RXT E PCA. Nor do we model the 40È45 keV cyclotron absorption feature, as we had poor counting statistics above 20 keV. We restrict our Ðts to the energy range 3È20 keV, which avoids the high-energy cuto † observed in Her X-1. This model is the same as that used by Vrtilek & Halpern (1985) and serves our current purpose of a simple comparison of the di †erent states. More thorough analysis of the X-ray data during the SHS and ALS are presented in Still et al. (2001b Still et al. ( , 2001a . The contributions attributed to the covered and uncovered power law by Vrtilek & Halpern may be attributed to the presence of separate scattered (from a hot corona) and absorbed (by the disk) components (She †er et al. 1992 ; Parmar et al. 1999 ; Oosterbroeck et al. 2000) , a physically distinct but, as noted by Coburn et al. (2000) , numerically similar model. The models corresponding to the parameters are listed in Table  1 and plotted with the data in Figure 4 . The peak of the SHS (MJD 51,004.0) does not require a partially covered component, implying that the contribution due to scattered X-rays is negligible at that time. The X-ray spectrum during MJD 51,007.8 is likely already in the LS and is very similar to that of the ALS (MJD 51,372.9). The eclipse data during both the SHS and ALS can be modeled with a simple power law ; however Fe K emission appears quite prominent during the ALS. Here we characterized it by holding the power-law photon index Ðxed and allowing for additional parameters to Ðt the line.
The X-ray light curve during the ALS (as observed by us in 1999 July) appears remarkably similar to the optical light curve (see Fig. 3 ) in that emission is modulated with the a All errors given are 1 p. b The Ðtted model is a partial covering fraction absorption (PCFABS in XSPEC) times a power law plus a Gaussian :
where A(E) is in photons cm~2 s~1 keV~1, hydrogen column density (in units of 1022 atoms cm~2), N H \ neutral p(E) \ photoelectric cross section (excluding Thomson scattering), CF \ covering fraction (0 \ CF ¹ 1) (dimensionless), a \ photon index of power law (dimensionless), E is energy in keV, and are normalization A PL A FeK constants. When no CF is listed, a simple power law plus Gaussian gave a sufficient Ðt.
c Photon index Ðxed at 1.1.
FIG. 4
.ÈRXT E spectra during several epochs of the SHS, ALS, and a possible LS. The model and best-Ðt parameters corresponding to the solid lines are described and listed in Table 1. orbital period. The maxima near orbital phase 0.5 (when the inner face of the companion star, irradiated by X-rays from the compact source, is most visible) suggest that the emission is correlated with the emission from the companion star. Fe line emission persists during eclipse at a Ñux level one-tenth of that present outside eclipse. The energy spectra become harder with increasing intensity, which implies an intrinsic Ñux increase or opaque obstruction. Still et al. (2001a) show that the 2È10 keV spectrum can be Ðtted with a partially covered power law (representing a region that moves with the compact object) plus Compton reÑection of X-rays from the surface of the companion with the total 2È10 keV Ñux much reduced from that observed during a normal MHS. In their model, the power-law photon index is restricted to a \ 0.9, the value measured during the MHS. Using the system binary geometry and the cold reÑection model, Still et al. are able to compute the incident X-rays which are removed from the direct line of sight by the accretion disk and obtain a value that is within a factor of 2 of the peak MHS Ñux. ReÑection of X-rays from the atmosphere of the companion star has been suggested as an explanation of the EUV light curves by Leahy & Marshall (1999) and Leahy, Marshall, & Scott (2000) .
Ultraviolet
Ultraviolet spectra taken with the low resolution G140L and the medium resolution E140M echelle grating on STIS are shown in Figures 5 and 6 . The continua are Ñatter than those of normal stellar spectra, presumably due to X-ray heating e †ects (Vrtilek & Cheng 1996) . Emission lines from C III j1176, N V jj1239 and 1243, O V jj1218 and 1371, Si IV jj1394 and 1403, N IV] j1487, C IV jj1548 and 1551, and He II j1640 are seen during both the SHS and the ALS at similar Ñux levels. That sharp absorption features in the Si IV and C IV lines do not move with orbital phase implies interstellar origin. Absorption in the O V line moves with orbital phase, indicating that its origin is within the binary. P Cygni absorption is found at D[400 km s~1 on the blue wings of the N V j1239, O V j1371, Si IV j1394, and C IV j1548 during the ALS. The orbital phases during which we see signiÐcant P Cygni absorption in the ALS are not sampled during the SHS. The line emission is variable during eclipse and eclipse egress, and line emission due to N V, C IV, and He II persists during eclipse.
The orbital phase dependence of the N V emission observed in 1994 persists during the 1998 and 1999 observations (Fig. 7) . (The GHRS on HST resolved two moving emission components of the N V emission doublet : a broad emission line that can be attributed to the X-rayÈ illuminated surface of a Keplerian accretion disk and a narrow line associated with the X-rayÈheated atmosphere of the companion star, HZ Her [Boroson et al. 1996] .) During the 1999 ALS, the broad lines (attributed to emission from the disk) are reduced as expected if parts of the accretion disk are eclipsed. The GHRS N V proÐles are plotted as dotted curves on Figure 7 when available. It is clear that while the narrow line Ñuxes are similar during the MHS, SHS, and ALS, the broad component Ñuxes are considerably reduced during the ALS. The sum of the narrow and broad N V line Ñuxes appears to be independent of the superorbital state (Fig. 8) , but this is due to the fact that the broad component is weak relative to the narrow component. This is consistent with the accepted picture of the system where X-ray illumination of HZ Her continues throughout the 35 day cycle, but the warped, precessing disk presents di †erent surface areas to the viewer.
During the ALS, the UV continuum emission is reduced more than during the SHS, particularly near eclipse egress and ingress, consistent with a scenario in which emission from the disk is blocked from our line of sight as the disk is eclipsed. Figure 8 shows Ñuxes from all available UV observations, as well as the model predictions for extremes of M 0 and disk opening angle (Vrtilek & Cheng 1996) . The continuum Ñux peaks at orbital phase 0.5, but the Ñux is not symmetric around this phase. The continuum Ñux during orbital phases 0.6È0.8 is somewhat higher than during orbital phases 0.2È0.4. This behavior, Ðrst noted in the lower resolution IUE data (Vrtilek & Cheng 1996) , is conÐrmed by the higher resolution STIS data. We suggest that this may be due to the presence of UV continuum emission from the heated surface of the accretion stream ; the optical continuum which is dominated by light from the companion star does not show this e †ect.
Optical
Optical spectra of HZ Her show Balmer absorption lines down to the series limit (see, e.g., Quaintrell, Still, & Roche 2001a) . Absorption lines are seen in the spectrum at both minimum and maximum light. At minimum light the optical spectrum of HZ Her corresponds to a spectral type of A7 K ; Cheng, Vrtilek, & Raymond 1995) . At (T eff \ 8100 maximum light the spectral type ranges from B3 to B6 depending on the lines used. The dramatic change in spectral type from minimum to maximum is attributed to X-ray heating of the side facing Her X-1 ; the lack of a good match to a single spectral type is attributed to X-ray heating e †ects. The optical Ñux is mainly from the X-rayÈheated star surface with the disk surface contributing less than 15% of the total optical Ñux. Most of the disk contribution comes from the outer disk edge and is not strongly a †ected by changes in disk inclination angle. This provides a natural explanation for the slight modulation of the optical Ñux (at a speciÐc orbital phase) over the 35 day period (Vrtilek & Cheng 1996) .
Our observations conÐrm that emission lines at He II j4686 and N III/C III around 4400 are seen during Ó maximum (Fig. 9a) . In Figure 9 we also present (previously unpublished) data from the 1993 ALS that show emission lines due to He II persist during the minimum, while the N III and C III emission lines at jj4640 and 4650 disappear during mid-eclipse, as do the O III j3133 lines in the UV. This suggests that the N III and C III lines can be attributed to Bowen Ñuorescence from the X-rayÈheated side of the companion star. However, the origin of the high-excitation emission line of He II (j4686) that persists at orbital phase 0.0 is not clear since at this phase neither the heated side of HZ Her nor the accretion disk is visible. The persistence of this line and several UV lines during eclipse suggests either an accretion disk corona or an extended source of hot gas in the system.
Broad Band
In Figure 10 we have plotted the energy Ñux versus frequency for the 1998 SHS and 1999 ALS observations. For purposes of comparison, we have included the broadband behaviors during the 1993 ALS and 1994 MHS. In all cases (representing a transition state between MHS and ALS, two ALS, one MHS, and one SHS), the optical Ñux is roughly constant. The UV Ñux is somewhat reduced during the SHS with respect to the MHS and reduced by as much as a factor of 2 during the ALS. The extreme UV Ñux is reduced by a factor of 10 during the ALS (shown as upper limits). The X-rays show by far the greatest deviations : the SHS is reduced by a factor of 3 from the MHS ; the ALS is reduced by factors of 2È100 from the MHS ; and the X-ray LS is typically reduced by a factor of 20 (the dotted line during the 1998 observations is the last RXT E orbit which took place during an X-ray low state). All of this is consistent with a compact source of X-rays that is obscured to varying degrees along the line of sight. The EUV E emission is due to the tail end of the soft thermal blackbody radiation and is located near to the X-ray source and, hence, shows behavior consistent with the soft X-rays. The UV, which comes from a slightly larger region (X-rayÈheated emission from the inner edge of the disk, X-rays reÑected from the surface (Boroson et al. 1996). of HZ Her, an accretion disk corona, etc.), is less a †ected, and the optical, which is dominated by emission from the normal star and the outer edge of the disk, remains relatively unchanged (for a given orbital phase) throughout the 35 day cycles.
PULSE TIMING, ORBITAL EPHEMERIDES, AND APERIODIC VARIABILITY
The X-ray pulse period measured during the 1998 SHS [1.2377257(4) s] continued the secular spin-up trend since the spin down observed during the 1993 ALS. The pulse period measured during the 1999 ALS [1.237746(1) s] showed a sharp increase from the previous measurement, conÐrming that the neutron star (NS) undergoes spin-down during ALS. The pulse period history is depicted in Figure  11 (with the durations of the ALS indicated by solid line segments). Observations of the rapid spin-down by BeppoSAX during the same ALS (but not simultaneous with our campaign) have been reported by Parmar et al. (1999) . The pulse period history indicates no other times of signiÐcant spin-down. However, there are gaps in the data that are long enough to contain unobserved ALS. The 1999 ALS shows the strongest deviation from spin-up of the three ALSs observed so far ; it is also the longest in duration. The 1983 ALS lasted for approximately eight 35 day cycles and had a deviation of 20 ks ; the 1993 ALS lasted for four 35 day cycles and had a deviation of 12 ks ; and the 1999 ALS is currently longer than 10 35 day cycles with a deviation of 25 ks (Coburn et al. 2000) .
The pulse proÐles during the ALS are similar to the proÐles during the SHS and the tail-end of the MHS (Deeter et al. 1998 ; Coburn et al. 2000) . In Figure 12 we show the pulse proÐle averaged over the orbital period during the ALS ; this should be compared to Figure 3c of Coburn et al. (2000) .
The orbital period during the SHS was determined by minimizing s2 between pulse-arrival times and a linearplus-circular function following the method described in Still et al. (1994) . This gives days at P orb \ 1.700167427(9) JD 2,451,005.229549 (7) and days P0 \ [1.33(7) ] 10~8 yr~1 , consistent with the results of Deeter et al. (1991) . The pulsations are too weak during the ALS to determine a period measurement with this technique.
No UV pulsations were detected in the 1999 data with upper limits of 1% ; a pulse was marginally detected in the 1998 STIS data at phase 0.76. The probability that the feature is due to noise is about 1%. The pulse period measured was 1.23774 s with rms power of about 0.3% rms. Pulsations observed from Her X-1 in the UV during the main high state (Boroson et al. 1996) show an rms pulsed fraction of order 0.5%, 2È4 times that of the optical pulsed fraction and less than a tenth of the MHS X-ray pulsed fraction. The UV and optical pulses are in phase with the hard X-rays during orbital phases when X-ray dips occur. and of disk opening angle from the UV models described in Vrtilek & Cheng (1996) . The solid line represents the M 0 average of all observations. [See the electronic edition of the Journal for a color version of this Ðgure.] The lack of UV/X-ray delay indicates that the dips and the UV pulses may originate in the same material near the line of sight (Joss et al. 1980 ; Boroson et al. 1996) . The X-rayÈ pulsed fraction is down by a factor of 5 during the 1998 SHS relative to the MHS and down by a factor of 15 during the 1999 ALS, so it is likely that any UV pulsations are below our detection limit.
The STIS data obtained during the 1999 ALS showed evidence for QPOs at 6 and 43 mHz with rms fractions of 2% and 4% (Boroson et al. 2000b ). The 6 mHz QPOs are also detectable in the GHRS data during the 1994 MHS. The optical photometric data from Calar Alto show QPOs similar to those observed in the UV (H. Fiedler et al. 2001 , in preparation) during both 1998 and 1999. Data taken with the Keck telescope within a week of our 1998 observations showed 35 mHz QPOs in the optical (OÏBrien et al. 2001) . We detected no QPOs in any of the simultaneous X-ray data, implying that the UV and optical QPOs cannot be due to reprocessed X-ray QPOs.
DOPPLER TOMOGRAPHY
A collection of orbitally resolved line spectra may be transformed into a kinematic map of the line-emitting regions in a binary system (Marsh & Horne 1988 ; Horne 1991) . Certain structures within the binary system have well-deÐned positions on a Doppler map, e.g., the centers of mass and the Roche lobes of the donor and accretor. The disk appears as a di †use ring in Doppler images with intensity increasing from its center outward. The disk emission peaks at the outermost part of the ring (which represents higher velocities than the center) ; emission from the innermost part of the disk is smeared out because of the highvelocity gradient there.
Such "" Doppler tomograms ÏÏ have been made of the lines in Her X-1Ïs optical spectrum, using data taken from ground-based observatories Quaintrell et al. 2001a ), but spectral lines found in the optical are dominated by the heated inner face of HZ Her rather than the accretion disk. HST GHRS spectra showed evidence of disk emission (Boroson et al. 1996) ; consequently, we decided to construct maps of Her X-1Ïs UV lines in order to gain information about Her X-1Ïs accretion disk. The STIS observations described here represent the Ðrst UV data of an X-ray binary that are of sufficient spectral and temporal resolution to generate Doppler tomograms.
Prior to constructing the UV tomograms, the HST /STIS data that were obtained in TIMETAG mode were divided into 10 intervals per HST orbit, giving a total of 100 spectra Figure 13 shows Doppler tomograms produced using the FIG. 10 .Èlog vs. log l during several states. The dashed line in the lF l 1998 July panel is the Ñux during the normal low state (visible at the end of the 1998 July light curves in Fig. 2) . FIG. 11 .ÈHistory of the pulse period. Error bars for ROSAT (Vrtilek et al. 1994) , ASCA (Xu et al. 1995) , BeppoSAX (Parmar et al. 1999 ; Oosterbroek et al. 2000 ; Coburn et al. 2000) , and RXT E Parmar et al. 1999) observations are plotted. With the exception of a few pre-1981 points, other errors are smaller than the symbols used. [See the electronic edition of the Journal for a color version of this Ðgure.] 1999 STIS data. These show that the majority of the UV emission-line Ñuxes (N V, O V, Si V, and He II) are consistent with an origin on the X-rayÈirradiated inner face of the donor star, HZ Her, rather than an accretion disk around the neutron star, Her X-1 (Fig. 13) . From the Doppler maps it is evident that the heating over the inner face of HZ Her is not uniform, with the emission coming preferentially from the trailing side of HZ Her. This could be caused by shadowing from an accretion stream and/or disk. Similar asymmetric behavior is seen in the optical emission lines of N V j4604, N III jj4634 and 4641, and C III jj4647 and 4650 ). The O V line has an absorption feature centered on the velocity of the HZ Her center of mass ; the Si IV lines are contaminated by a narrow interstellar absorption feature. P CygniÈlike absorption features are observed on the blue wings of the N V j1239, O V j1371, Si IV j1394, and C IV j1548 emission lines during the ALS. Tomograms made from the 1998 STIS data are consistent FIG. 12 .ÈBackground-subtracted ALS pulse proÐle from RXT E PCA data over the full energy range, 2.2È119 keV. with the 1999 behavior. Since the disk is partially obscured during the SHS one would expect disk emission to be less prominent than during the MHS. However, the maps of the 1998 data are poorly constrained because of the very limited phase coverage available.
Since Doppler tomography is particularly sensitive to narrow line emission and we have reason to believe that the N V emission has two moving components, we generated separate tomograms for Ðts to the narrow component of the N V lines and the residuals when the narrow line Ðts are subtracted from the data ; the residuals should then reÑect emission due to the N V broad lines. The Ðts are entirely empirical ; a physical model of the velocity and depth of absorption versus phase was not made. The narrow lines are represented by narrow Gaussians with absorption. Figure 14 shows tomograms from the N V data from 1999 (taking an average spectrum for each of the 19 HST orbits), from the Ðts to the narrow lines (from the 16 orbits in which good Ðts are found ; the other three may be times when the narrow line is not present), and from the residuals when the narrow, line Ðts are subtracted from the data (these latter represent the contribution from the broad lines). The maps were constructed using Fourier-Ðltered back projection (FFBP), which is suitable for reasonably strong, unblended lines. The Fourier Ðlter consists of a ramp that can cut out low wavenumbers and an exponential cuto † that can cut out noise. The user deÐnes the cuto †, which can sharpen broad features in really good spectra but can also end up amplifying the noise. Hence, in Figure 15 , we show the results from Figure 14 before application of Fourier Ðlter-ing. The narrow lines are consistent with emission from the companion star, and the broad lines show weak emission that appears on or near the circle that deÐnes the outer edge of the disk. A problem is that there is some emission inside the tidal circle, i.e., emission from material with too low a velocity to belong to a Keplerian accretion disk with parameters appropriate to Her X-1. The emission could be from material above the disk, such as a wind. At the disk precession phase during the 1999 observations, we expected to see emission from the heavily irradiated inner regions of the accretion disk ; however, since the source was in an ALS, the neutron star and likely these very hot inner parts of the accretion disk were partially obscured.
The expected spatial distribution and the time-resolved line proÐles in the optical and UV according to several disk models have been synthesized by Still et al. (1997) and Quaintrell et al. (2001a Quaintrell et al. ( , 2001b . Disk emission dominated by X-ray reprocessing on the warped surface of such disks results in distinctive emission proÐles. Their work indicates that if the accretion disk is assumed to be solely responsible for X-ray shadowing of the companion star, the models of Schandl (1996) , Schandl & Meyer (1994) , Wijers & Pringle (1999) , and Larwood (1998) can be excluded.
DISCUSSION AND CONCLUSIONS
Overall, the pulse period of Her X-1 shows a secular decrease or spin-up, as is expected for a system accreting mass (and, hence, angular momentum). However, during FIG. 14.ÈDoppler tomograms from 1999 N V data with each of 19 HST orbits binned as one spectrum, narrow N V Ðts to 16 spectra (empirical using Gaussians), and residuals. The gray scale goes from white to black with increasing Ñux, where white corresponds to the continuum level. Each panel is plotted on a separate linear scale. In addition to the Roche lobes and center of mass velocities, the gas stream trajectory (solid lines originating from the inner Lagrangian point) and the Keplerian velocity along the gas stream (dotted lines originating close to the centroid of the secondary lobe) are indicated. Both trajectories are marked by circles in steps of 10% of the distance between the inner Lagrangian point and the neutron star. ALS, the system shows a distinct spin-down. The ALS are characterized by substantial, unexpected drops in X-ray Ñux, with no substantial change in absorbing column density, little or no change in UV and optical Ñuxes, and an increase in pulse period. The lack of pulses above 1 keV during the ALS suggested by Vrtilek et al. (1994) is likely the result of an inadequate signal-to-noise ratio : pulses above 1 keV with the rms pulsed fraction down by a factor of 14 from that during the normal MHS of Her X-1 have recently been reported (Coburn et al. 2000) . We have detected pulses at a similar level during the 1999 ALS. With the exception of the increase in pulse period and the degree of X-ray Ñux reduction, these characteristics are similar to those observed during normal 35 day LS. However, during ALS states, the turn-on of the MHS has been seen to drift by over 6 daysÈor twice the normal maximum excursion of 3 days et al. 1987). The degree of deviation from (O gelman spin-up appears to be positively correlated with duration of the ALS. This correlation is consistent with our interpretation of the ALS in terms of a change in mass accretion rate that causes the disk to tilt and twist beyond the normal deviations causing the 35 day cycle. A larger deviation from the average would result in a stronger disruption of the M 0 disk causing it to take longer to settle back to its "" normal ÏÏ 35 day behavior. The correlation between times of low hard X-ray luminosity and episodes of spin-down is predicted by models which suggest that a decrease in mass accretion rate causes the radius, at which material joins the magneAlfve n tosphere, to move out, thereby increasing the dragproducing torques of the Ðeld lines threading the disk outside the corotation radius, leading to spin-down (Ghosh & Lamb 1979) model, we must conclude that the mass accretion rate can decrease rapidly but can never increase rapidly since no episodes of sudden spin-up have been detected.
We note that the SHS observed by us in 1998 appears to be the last "" normal ÏÏ SHS before onset of the ALS. For several superorbital cycles preceding the ALS, no SHS are distinguished, and the MHS Ñux drops with each succeeding cycle. This fact, combined with the similar X-ray spectral shapes during the LS and ALS, is consistent with the interpretation of Vrtilek & Cheng (1996) that the ALS and LS are both due to occultation of the X-ray source by the accretion disk.
Extensive work has been done on the orbital period evolution of Her X-1 using Ginga data by Deeter et al. (1991) . They Ðnd the orbital period to be decreasing at an average rate of [2 ] 10~8 days yr~1 over the interval 1971È1998. If all the mass lost by the companion is accreted by the neutron star, the mass transfer rate needed to explain the decrease in orbital period is 1.4 ] 10~8 yr~1, nearly an M _ order of magnitude greater than the mass-loss rate required to provide the observed X-ray luminosity. Mass loss through a simple self-excited wind also cannot explain the observed period decrease. Braking of the companion star by a magnetically channelled stellar wind provides a mechanism for the angular momentum loss rate. While the UV spectra during the normal states do not show the presence of P Cygni proÐles, the Doppler tomograms constructed with our STIS UV data suggest modest line shifts indicative of wind Ñows ; P Cygni proÐles are present during the ALS. It is possible that the high X-ray luminosity during the regular states ionizes the material in the wind Ñows (Hatchett-McCray e †ect), precluding spectroscopic detection of a wind. Deeter et al. (1991) note that the data are consistent with the total decrease in pulse period occurring during a single glitch, which could be associated with the ALS of 1983. The orbital period and determined by us during the SHS is P0 consistent with a single glitch associated with the ALS of 1983 ). Further analysis of data from BeppoSAX and RXT E are necessary to determine if ALS are related to shifts in orbital period. As suggested by Deeter et al. (1998) , analysis of EXOSAT data immediately following the 1983 ALS could verify or disprove the hypothesis that the observed orbital phase decrease is con-sistent with a single glitch. As far as we know, no suitable data are available following the 1993 ALS for such a study. However, analysis of data from BeppoSAX and RXT E when Her X-1 emerges from its current ALS will also help to determine if shifts in orbital period are directly related to ALS.
Doppler tomograms constructed from the UV emissionline data indicate that the majority of the UV emission-line Ñux comes from the X-rayÈirradiated inner face of the donor star, HZ Her, rather than an accretion disk around the NS, Her X-1. Doppler tomograms of most optical emission lines (the exception is He II j4686, which appears to be associated with disk emission) also indicate origin on the inner face of the donor star Quaintrell et al. 2001a) . The heating over the inner face of HZ Her does not appear uniform, with the emission coming preferentially from the trailing side of HZ Her. However, tomograms constructed from the Ðts to the narrow N V lines show emission more closely matched with the tip of HZ Her, suggesting that the narrow lines are o †set in the N V tomogram because of e †ects of N V absorption. Lines in which strong absorption is not expected (O V and He II) also show narrow lines whose tomograms more closely match with the tip of HZ Her. The lack of uniformity over the inner face of HZ Her may also imply shadowing from an accretion stream and/or disk. Tomograms constructed with the broad lines alone indicate emission from a more extended region that may be associated with segments of a distorted disk. Since the HST observations were made when the source was in an ALS, it is likely that the NS, and possibly the very hot inner parts of the accretion disk, were obscured.
The multiwavelength campaigns that we conducted on the Her X-1 system in 1993 and in 1999 were meant to capture 35 day MHSs ; however, in both instances the system was found to be in an ALS. The Doppler tomograms constructed from the ALS and SHS data are consistent with our model explaining the multiwavelength behavior of Her X-1/HZ Her in terms of X-ray heating of the disk and companion star, shadowing of the X-ray Ñux by the disk, and a contribution to the continuum emission from the accretion stream or hot spot. However, while high-resolution UV observations around a full binary orbit during an MHS have been hard to come by, they are essential if we want to utilize Doppler tomograms to determine if the disk structure changes with precession phase.
